Peritoneal dialysate fluid composition determines heat shock protein expression patterns in human mesothelial cells  by Arbeiter, Klaus et al.
Kidney International, Vol. 60 (2001), pp. 1930–1937
DIALYSIS – TRANSPLANTATION
Peritoneal dialysate fluid composition determines heat shock
protein expression patterns in human mesothelial cells
KLAUS ARBEITER,1 BETTINA BIDMON,1 MICHAELA ENDEMANN, THORSTEN ONNO BENDER,
OLIVER EICKELBERG, DAGMAR RUFFINGSHOFER, THOMAS MUELLER, HEINZ REGELE,
KURT HERKNER, and CHRISTOPH AUFRICHT
Kinderdialyse, Department of Pediatrics, AKH Wien, Wien, Austria; Department of Nephrology and Medical Intensive
Care, Universita¨tsklinikum Charite´, Berlin, Germany; Department of Pathology, Yale University School of Medicine,
New Haven, Connecticut, USA; Department of Pathology, and Ludwig Boltzmann Institut, Department of Pediatrics,
AKH Wien, Wien, Austria
Peritoneal dialysate fluid composition determines heat shock Peritoneal dialysis (PD) is the most frequently em-
protein expression patterns in human mesothelial cells. ployed renal replacement therapy in end-stage renal dis-
Background. Low biocompatibility of peritoneal dialysis flu- ease in childhood [1]. In PD, peritoneal dialysis fluidids (PDF) contributes to mesothelial injury. We investigated
(PDF) is filled and drained repeatedly to and from thewhether the heat shock proteins (HSP)-27, HSP-72, and HSP-90
abdominal cavity, using the peritoneum as a dialysis mem-are differentially induced upon exposure of mesothelial cells
to PDF and whether this was affected by selective modulation brane. PDF thereby removes solutes and water from the
of the physicochemical properties of PDF. uremic patient, based on its composition and its hyperto-
Methods. Human mesothelial cells (Met5A and primary hu-
nicity [2, 3].man mesothelial cells) were exposed to acidic lactate and glu-
Long-term PD, however, is often complicated by ultra-cose-monomer based PDF (CAPD2 and CAPD3), to control
culture media, or to a neutral lactate and glucose-monomer- filtration failure, which is based on severe structural dam-
based PDF with reduced levels of glucose degradation products age of resident mesothelial cells and the resulting loss of
(BALANCE). Expression of HSP-27, HSP-72, and HSP-90 and the peritoneum’s transport functions [4, 5]. Experimen-cellular distribution of HSP-72 were assessed by Western blot-
tally, some of the physicochemical properties of standardting and immunocytochemistry.
PDF [for example, hyperosmolarity, acidic pH, and pres-Results. Mesothelial cells exhibited strong constitutive ex-
pression of HSP-27 and to a lesser extent HSP-72 and HSP-90. ence of glucose degradation products (GDP)] contribute
Exposure of the cells to CAPD2 and CAPD3 resulted in strong to considerable cytotoxicity in in vivo and in vitro sys-
up-regulation of HSP-72. HSP-27 levels were slightly increased,
tems [2, 3]. Novel PDFs, with improved physicochemicalbut HSP-90 levels were unchanged upon exposure to CAPD2
properties, are thus designed to increase their biocom-or CAPD3. In contrast, exposure of the cells to BALANCE
did not affect HSP-27 or HSP-72 expression. The acidic pH and patibility [6–9].
glucose degradation products were found to be principal in Several investigations have demonstrated that extended
mediating increased HSP-72 expression upon exposure to PDF. exposure to PDF decreased viability of mesothelial cellsConclusions. Analysis of HSP expression represents a novel
in vitro by analyzing markers of irreversible cellular injurytool to assess biocompatibility of PDF. Among the HSP investi-
including cell death and lactate dehydrogenase (LDH)gated, HSP-72 is the most predictive and accurate parameter
to assess mesothelial cell injury in the early phase of exposure release [3, 4, 8]. In addition, short exposure to PDF has
to PDF. been shown to reduce the functional response of meso-
thelial cells, as analyzed by changes in cytokine produc-
tion [2, 3]. The latter were found to be more sensitive
and useful for quantifying nonlethal cellular injury. Ac-
cordingly, these tests are now widely accepted given their
1 Klaus Arbeiter and Bettina Bidmon contributed equally to this study. validity in many studies and have proven to be valuable
in assessing the malfunction of cells exposed to PDF.Key words: stress response, glucose degradation, biocompatibility, cell
injury, ultrafiltration, cytotoxicity. However, our understanding of protective mechanisms
activated by mesothelial cells in response to PDF is in-Received for publication December 4, 2000
completely understood. Identification of early markersand in revised form May 4, 2001
Accepted for publication May 31, 2001 of nonlethal mesothelial injury that, in essence, represent
adaptive cellular mechanisms could therefore be useful 2001 by the International Society of Nephrology
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in our understanding of mesothelial cell injury and as ATCC CRL-9444) were cultured in M199/MCDB 105 me-
dium (1:1) supplemented with 5 ng/mL epithelial growthalternatives for existing biocompatibility tests.
In this respect, recent research has indicated that many factor (EGF), 0.4 mg/mL hydrocortisone, 0.05 mg/mL gen-
tamycin, and 10% FCS. Cultures were kept in 25 cm2forms of sublethal stress not only result in injury, but
also induce a particular subset of cellular processes, the tissue culture flasks (Falcon, Becton Dickinson, Oxnard,
CA, USA) at 37C in 5% CO2 and passaged by regularso-called stress response [10–11]. This stress response
includes cellular mechanisms that facilitate cellular re- trypsinization.
pair and survival after acute injury and induce cytopro-
PDF incubationtection against subsequent injury. The extent of induc-
tion of the cellular stress response has been shown to Five experiments were performed in parallel in both
mesothelial cell types, with 60 minutes of exposure timecorrespond to the severity of the insult [12–14]. The key
players in the concerted effort of the stress response are to the test solutions and 24 hours recovery. All other ex-
periments were performed with the cell line. Dependingthe heat shock proteins (HSPs). HSPs represent a large
family of soluble proteins that are found throughout the on the experimental setup, confluent cell cultures were
exposed to test solutions for the periods indicated (rang-cell; the amount of all HSP isoforms in some instances
can constitute up to 5% of total cellular proteins [10, 11]. ing from 30 to 240 minutes) and then allowed to recover
in regular growth medium for 24 hours. Cultures wereHSP expression is increased in response to a variety of
cellular stresses, such as heat, ultraviolet light, or cyto- exposed either to regular culture media at 37C (control)
or to commercially available acidic lactate and glucose-toxic agents.
We have previously reported induction of HSP-72 in monomer-based CAPD2 or CAPD3 (pH 5.5/35 mmol/L
lactate) that contain 1.5 or 4% anhydrous dextrose, re-human mesothelial cells exposed to commercially avail-
able standard acidic monomer glucose- and lactate-based spectively, or to a novel neutral lactate and glucose-based
BALANCE (pH 7.1/35 mmol/L lactate) containing 1.5%PDF [15]. The present study demonstrates that HSP-72
expression, but not HSP-27 and HSP-90, is a useful early anhydrous dextrose. All PDF formulations were pro-
duced by Fresenius Medical Care (Bad Homburg, Ger-marker for the biocompatibility of PDF, as shown by
comparison of three commercial PDF formulations. Sim- many). In some experiments, cells also were exposed for
60 minutes to CAPD2 adjusted to a neutral pH of 7.1ple modifications of the physicochemical characteristics
of PDF, including pH neutralization, specifically abro- or to BALANCE adjusted to an acidic pH of 5.5, either
by adding NaOH or HCl, respectively. To analyze spe-gate HSP-72 induction in exposed mesothelial cells. These
observations therefore suggest that assessment of HSP cific effects of GDP, BALANCE was adjusted to a pH
of 5.5, then heat sterilized for 20 minutes at 121C, andexpression profiles in in vitro systems might be a useful
approach to design future biocompatibility assays for finally readjusted to a pH of 7.1.
PDF in human mesothelial cells.
Western blotting
Cells were grown to confluence and exposed to the in-
METHODS
dicated PDF. At the end of the recovery period, cells were
Cell culture washed twice in PBS and lysed in buffer containing 0.1%
Triton X-100, 60 mmol/L piperazine-N,N-bis-(2-ethane-Human peritoneal mesothelial cells (HPMCs) were
isolated from specimens of omentum obtained from non- sulfonic acid) (PIPES), 2 mmol/L 1,2-cyclohexanediamine-
tetracetic acid (CDTA), 1 mmol/L ethylenediaminetet-uremic patients (N  5) undergoing elective abdominal
surgery and characterized as described in detail else- raacetic acid (EDTA), 1 mmol/L egtazic acid (EGTA),
100 mmol/L NaCl, 0.5 mmol/L phenylmethylsulfonylwhere [16]. HPMCs were plated in multiwell clusters
(Saarstedt Inc, Newton, NC, USA) and propagated in fluoride (PMSF), 0.75 mg/L leupeptin, and 0.1 mol/L
dithiothreitol (DTT). Protein content was determinedM199 culture medium supplemented with l-glutamine
(2 mmol/L), penicillin (100 U/mL), streptomycin (100 g/ by the Bradford assay (Bio-Rad), and equal amounts of
protein samples (5 g/lane) were separated by standardmL), hydrocortisone (0.4 g/mL), and 10% vol/vol fetal
calf serum (FCS; GIBCO BRL, Life Technologies, Eg- sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE) using a Pharmacia Multiphore II unit.genstein, Germany) until confluence. The standard me-
dium containing 10% FCS was replaced with medium Size-fractionated proteins were transferred to polyvinyli-
dene difluoride (PVDF) membranes by semi-dry transfersupplemented with 0.1% FCS 48 hours prior to experi-
ment in order to render HPMCs quiescent. Experiments in a Pharmacia Multiphore II Novablot unit. Membranes
were blocked in 5% dry milk in TBS-Tween (10 mmol/Lwere performed using cells from the first three passages
since later subcultures contained increasing number of Tris, 150 mmol/L NaCl, 0.05% Tween 20, pH 8.0). Mem-
branes were incubated with the primary antibody againstsenescent cells.
Immortalized human pleural mesothelial cells (Met5A, HSP-27, HSP-72, and HSP-90, respectively (SPA 801,
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SPA 810, and SPA-830; Stressgen, Biotechnologies Corp.,
Victoria, British Columbia, Canada). Detection was ac-
complished by incubation with secondary, peroxidase-
coupled antibodies (Sigma Chemical Company, St. Louis,
MO, USA), and enhanced chemiluminescence (ECL)
using ECL Western blotting analysis system and proto-
cols (Renaissance; NEN-Life Science Products, Boston,
MA, USA).
Densitometric analysis
Densitometry was performed with image analysis soft-
ware (Molecular Analyst software; BioRad Labora-
tories, Hercules, CA, USA) as described in detail else-
where [17]. For analysis of Western blots, calibration
curves were constructed to determine the linearity of Fig. 1. Effect of different peritoneal dialysate fluid (PDF) formula-
tions on heat shock protein (HSP) gene expression in human mesothe-the ECL detection system using serial loading of cellular
lial cells. Representative immunoblots demonstrating expression ofprotein fractions. Light emission was proportional to
HSP-27, HSP-72, and HSP-90 in total cell lysates of cultured human
protein loading in the range of 2 to 8g of a given sample, mesothelial cells. Cells were exposed to control conditions (medium
alone), CAPD2, CAPD3, or BALANCE for 60 minutes each and al-indicating that fourfold changes of HSP expression were
lowed to recover for 24 hours. Under control conditions, cells consti-within the linear range. Expression of HSP was then
tutively express HSP-27, but only low levels of HSP-72 and HSP-90.
derived from specific immunodensitometric signals at Cells exposed to CAPD2 or CAPD3 exhibited increased expression of
HSP-27 and HSP-72, whereas HSP-90 was unchanged. Cells exposedthree different exposures in the linear range of the pro-
to BALANCE exhibited similar HSP protein expression as controls.tein/signal intensity relationship and normalized to an
Actin staining is shown for loading control. Immunoblots shown are
internal standard. Data were determined from at least representative for three independent experiments.
three independent experiments at each condition.
Immunocytochemical studies
For immunocytochemical studies, cells were grown in 48 hours. Measurements were performed in duplicates
chamber slides, treated as described previously in this with Sigma 340 LDH Kit according to the manufacturer’s
article and fixed with 4% paraformaldehyde for 30 min- instructions.
utes. Cells were then washed with PBS and endogenous
peroxidase activity was blocked with hydrogen peroxide/ Statistical analysis
methanol. Endogenous biotin was blocked by adding
Each experiment was performed at least in indepen-avidin employing the Biotin blocking kit (Vector Labora-
dent triplicates. Where appropriate, analysis of variancetories, Burlingame, CA, USA). After 30 minutes of incu-
or Wilcoxon signed-rank test was used to compare differ-bation with the primary antibody against HSP-72 (SPA
ent groups. Values for each treatment condition were810; Stressgen, Biotechnologies Corp., Victoria, British
compared to control values and differences were consid-Columbia, Canada) at room temperature, slides were
ered to be significant given a P  0.05.rinsed with PBS, and bound IgG was visualized using the
Supersensitive Kit (BioGenex, San Ramon, CA, USA)
according to the manufacturer’s protocol.
RESULTS
Ultraviolet absorbance
As demonstrated by Western blot analysis, human mes-
Semiquantitative comparison of GDP between CAPD2, othelial cells (Met5A) constitutively expressed HSP-27,
untreated BALANCE and BALANCE after (repeat) but only low levels of HSP-72 and HSP-90 (Fig. 1). When
heat sterilization was performed by luminometric mea- cells were exposed to CAPD2 or CAPD3 for 60 minutes
surement of ultraviolet absorbance at 228 nm, as de-
and allowed to recover for 24 hours, HSP-72 expression wasscribed by Wieslander et al [8].
strongly up-regulated. HSP-27 levels were slightly induced,
but HSP-90 expression was not affected by PDF exposureViability parameters
(Fig. 1). Interestingly, HSP-72 expression was significantlyViability of cells was investigated after 24 hours of
higher when cells were exposed to CAPD3 compared torecovery. Dead cells were identified by standard trypan
CAPD2. In contrast, HSP-72 expression was not affectedblue dye exclusion tests. For LDH analyses, 50 L ali-
when the cells were exposed to BALANCE. Here, ex-quots of supernatants were removed after the described
experimental setup and kept on 4C until analyzed within pression levels of HSP-27, HSP-72, and HSP-90 were
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for HSP-72 compared with control conditions. Here, only
a few cells with slight cytoplasmic staining patterns could
be observed (Fig. 3).
We then analyzed the effects of varying the exposure
times to CAPD2, CAPD3, or BALANCE on HSP-72
expression and correlated these results to cell viability
obtained at the identical time points. Increasing the ex-
posure times to CAPD2 and CAPD3 resulted in progres-
sively increased HSP-72 expression levels (Fig. 4). Expo-
sure to CAPD2 for 120 minutes resulted in significantly
reduced cell viability (64 12% of control for dye exclu-
sion, 238  28% of controls for LDH release, P  0.05
vs. control), and, as a result, a drop of HSP-72 protein
expression due to cell death at longer exposure times
(Fig. 4). Similar results were obtained with CAPD3, with
the exception that the drop in HSP-72 protein expression
and cell viability occurred earlier (at 60 minutes, 58 
22% of control for dye exclusion; 318  48% of controls
for LDH release, P 0.05 vs. control), as compared with
CAPD2. Using CAPD3, HSP-72 expression dropped at
Fig. 2. Quantitation of HSP-72 protein induction by PDF solutions. 120 minutes due to cell death. In contrast, mesothelial
Densitometric analysis of three independent experiments each analyz-
cells exposed to BALANCE for as long as 240 minutesing HSP-72 expression in the human mesothelial cell line Met5A (A)
or in primary cultures of human peritoneal mesothelial cells (B). Cells did not exhibit reduced cell viability (80% of control for
were either kept in regular growth medium at 37C (Control) or exposed dye exclusion; 150% of controls for LDH release, non-
to CAPD2, CAPD3, or BALANCE for 60 minutes and allowed to
significant vs. control), and HSP-72 protein levels wererecover for 24 hours. In both cell types, exposure to acidic lactate and
glucose-monomer based PDF (CAPD2, CAPD3) resulted in significant only slightly increased even after 240 minutes of exposure.
up-regulation of HSP-72 gene expression. Compared with the standard The composition of BALANCE differs from that of
PDF (CAPD2), exposure to a PDF with higher osmolarity and higher
both CAPD solutions in pH and levels of GDP. To ana-concentration of glucose (CAPD3) resulted in more pronounced HSP-
72 gene expression, whereas exposure to a modified, more physiologic lyze the relative contribution of these characteristics to
PDF (BALANCE) did not result in increased HSP-72 expression (simi- increased HSP-72 protein expression, the pH of CAPD2lar to control).
(5.5) was adjusted to levels measured in BALANCE
(7.1) and vice versa. As shown in Figure 5, this manipula-
tion alone (that is, increasing pH of CAPD2 to neutral
comparable to control levels. Figure 2 depicts the densi- values equal to BALANCE) resulted in significantly
tometric analysis of HSP-72 levels in response to all three lower induction of HSP-72, but not to similar levels that
PDF formulations. To analyze whether the induction of were observed with BALANCE (compare lanes 2, 4,
HSP-72 was a cell line-specific observation, identical ex- and 5). Accordingly, lowering the pH of BALANCE
periments were performed with primary cultures of hu- (7.1) to acidic values (5.5, equal to CAPD2) increased
man peritoneal mesothelial cells. Interestingly, HSP-72 HSP-72 protein levels (compare lanes 2 and 3). In addi-
tion, pH independent differences in the induction ofinduction in response to PDF was similar in Met5A cells
and primary cultures of human peritoneal mesothelial HSP-72 expression between CAPD2 and BALANCE
were linked to the levels of GDP. Repeated heat steril-cells (Fig. 2).
Since HSP-72 protein levels were specifically induced ization of BALANCE resulted in clear increases of
HSP-72 protein expression compared with untreatedby CAPD2 and CAPD3, we next analyzed its subcellular
localization in mesothelial cells by immunocytochemis- BALANCE (Fig. 5, compare lanes 2 and 6).
The generation of GDP by this heat sterilization oftry. In untreated mesothelial cells (control), only a few
cells exhibited a weak cytoplasmic staining pattern for BALANCE was confirmed by measuring changes in ul-
traviolet absorbance at 228 nm (OD228), as shown in Fig-HSP-72 (Fig. 3). After exposure to CAPD2 and CAPD3,
strong cytoplasmic staining could be observed in an in- ure 5. GDP content as measured by OD228 in untreated
PDF was higher in CAPD2 than in BALANCE (OD228creasing number of cells. As noticed in Figure 3, CAPD3
was a more potent inducer of HSP-72 protein expression of 0.25 vs. 0.073, respectively). Also, the GDP content
significantly increased in BALANCE when it was sub-than CAPD2, an effect that also was observed on West-
ern blot analyses (Fig. 1). In contrast, exposure of cells jected to (repeat) heat sterilization (OD228 of 0.407 vs.
0.073, respectively).to BALANCE did not alter the overall staining pattern
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Fig. 3. Subcellular localization of HSP-72 in
mesothelial cells exposed to PDF. Immunocy-
tochemistry staining for HSP-72 in cultured
human mesothelial cells. Cells were either
kept in regular growth medium at 37C (upper
left panel) or exposed to CAPD2 (upper right
panel), CAPD3 (lower left panel), or BAL-
ANCE (lower right panel) for 60 minutes and
allowed to recover for 24 hours. Mesothelial
cells exposed to CAPD2 and CAPD3 showed
a dramatic increase of HSP-72 staining with
a predominantly cytoplasmic cellular distribu-
tion. Cells exposed to BALANCE were com-
parable to control. Data shown is representa-
tive for two independent experiments.
pressed constitutively in most cells (for example, HSC-73,
HSP-90), while other HSP are strongly induced by a va-
riety of cellular stresses (for example, HSP-72) [10, 11].
The small HSPs (HSP-25 in rodents, HSP-27 in humans)
are actin-binding proteins that have been shown to share
both characteristics; they are constitutively expressed,
but seem to be further induced during nonlethal cellular
injury, participating in cytoskeletal reorganization [18, 19].
Fig. 4. HSP-72 protein induction depends on exposure times to PDF. Interestingly, this is reflected in our findings. HSP-27 was
Effect of varying the exposure times of cultured human mesothelial expressed constitutively, but was induced about twofold
cells to CAPD2 (), CAPD3 (), or BALANCE (). Computerized
by PDF exposure, whereas HSP-72 expression was lowdensitometry of HSP-72 expressions at 24 hours of recovery was per-
formed on five experiments each for exposure times of 30 to 240 minutes, under control conditions, but strongly induced by PDF.
as indicated, and correlated to cell viability. Increasing duration of HSP-72 is a molecular chaperon known to bind to dis-
exposure to CAPD2 and CAPD3 resulted in progressively increased
rupted and denatured cellular proteins, thereby rescuingHSP-72 expression during recovery, until cellular viability became re-
duced and HSP-72 expression dropped. In contrast, exposure to BAL- them from irreversible aggregation and functional disin-
ANCE only induced HSP-72 expression after extended exposure times tegration [17, 20]. The selective induction of HSP-72,without reducing viability (*P  0.05;  reduced variability).
and to a lesser extent HSP-27, in our experiments sug-
gests that these HSP might be involved in specific cellular
repair processes that are activated during or after the
DISCUSSION cells’ exposure to CAPD2 and CAPD3. Interestingly,
such mechanisms also seem to occur in vivo. In peritonealAnalyses of HSP expression patterns represent a new
biopsy samples of CAPD patients with severe mesothe-approach to assess mesothelial injury and repair upon
lial injury, Shioshita and colleagues recently reportedPDF exposure in vitro. Analyses of HSP-72 protein expres-
increased staining for HSP-47 and HSP-70 [21]. In con-sion could correlate cellular injury with outcome measure-
trast to these inducible isoforms, HSP-90 is known to bements such as cell viability upon PDF exposure. More-
involved in signaling pathways involving steroid hormoneover, exposure to PDF with neutral pH and reduced
receptor complexes, and it also is only weakly regulatedGDP resulted in significant attenuation of HSP-72 pro-
by cellular stresses [18]. In accordance with these results,tein expression.
HSP-90 expression was unchanged upon PDF exposureHeat shock proteins represent a large superfamily of
in our experiments.proteins that are grouped into subfamilies according to
their molecular weight. Some classes of HSP are ex- Interestingly, induction of HSP-72 protein expression
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Fig. 5. HSP-72 induction is dependent on pH and levels of glucose degradation products (GDP). A representative immunoblot of three independent
experiments demonstrates HSP-72 expression in mesothelial cells exposed to various modifications of PDF for 60 minutes with a recovery time
of 24 hours. CAPD2 induced higher HSP-72 expression than BALANCE, even when adjusted to the neutral pH. This pH independent induction of
HSP-72 expression was associated with higher levels of GDP as could be reproduced by (repeat) heat sterilization of BALANCE. Generation of
GDP was demonstrated by increases in UV absorbance (OD228).
was significantly different between the three PDF solu- than CAPD2 (Figs. 1–3). CAPD3 exhibits a higher osmo-
larity and higher concentration of glucose than CAPD2tions used, and its early induction in response to CAPD2
and CAPD3 accurately predicted toxicity of these PDF (15 vs. 40 g/L). In agreement with this, increased osmo-
larity is known to induce HSF-1 and HSP-72, and renalin human mesothelial cells in primary culture and in an
established mesothelial cell line (Met5A; Fig. 4). Since epithelial cell lines exposed to hyperosmotic stress dem-
onstrated increased expression of HSP-72 [24–26]. Inanalyses of HSP-72 expression has been successfully used
for toxicity screening in other in vitro systems [12–14], PD, high concentrations of glucose (and its degradation
products, GDP) have been demonstrated to contributewe were therefore interested in characterizing HSP-72
localization and its mechanism of induction in our model. to cytotoxicity in both in vivo and in vitro biocompatibil-
ity tests [2, 3, 7, 8]. In addition to the direct effects ofIn mesothelial cells, HSP-72 was predominantly localized
in the cytosolic compartment, consistent with previously glucose, we found that changes in pH and GDP were
directly responsible for increased HSP-72 levels. In thispublished data and the hypothesis that HSP-72 is respon-
sible for rescuing denatured soluble cytosolic proteins respect, earlier observations have demonstrated HSF-1
activation by decreasing the pH to acidic values [27].from a loss of function [20].
Increased HSP expression is preceded by activation Considering that we recently demonstrated that acidosis
was the most potent inducer of the mesothelial stressof the transcription factor heat-shock factor (HSF)-1,
which is inhibited by the HSC-73 and HSP-90 under response [15], it could be expected that pH modification
to neutral values results in significantly improved bio-control conditions. Increased levels of disrupted and de-
natured proteins compete for the binding of HSC-73 and compatibility.
Of all the PDF formulations tested, only BALANCEHSP-90 to HSF-1 and thus initiate the activation of HSF-1
[11]. Several constituents of standard PDF such as glu- exhibits a neutral pH of 7.0 to 7.2. Our data confirm that
although BALANCE contains similar glucose concen-cose and lactate are known to lead to conformational
changes of soluble proteins and thus have the theoretical trations and osmolarity as CAPD2, exposure to BAL-
ANCE results in attenuated induction of HSP-72. Expo-potential to induce the cellular stress response via activa-
tion of HSF-1. Our previous study reported that low pH, sure to BALANCE resulted in only a slight up-regulation
of HSP-72, and this occurred after extended exposurehigh lactate, and high glucose significantly up-regulated
HSP-72 overexpression in mesothelial cells, albeit only times without a concomitant reduction in cellular viabil-
ity, which was in sharp contrast to standard PDF (CAPD2after more extended exposure times than PDF itself [15].
In the present study, simple modifications of standard and CAPD3). Taken together, these observations suggest
that analyses of HSP expression in general, and HSP-72PDF regarding pH and GDP clearly affected HSP-72
protein expression in mesothelial cells in vitro. The idea in specific, represents a viable approach to assess the
mesothelial response to PDF injury, and might also provethat such modifications of PDF result in decreased toxic-
ity has been confirmed in two recent clinical studies. to be an alternative to existing biocompatibility tests.
Selective modification of CAPD2 to neutral pH re-Here, use of a PDF with neutral pH and low GDP re-
sulted in preservation of CA125 levels in vivo, a finding duced HSP-72 expression, but HSP-72 protein was still
increased as compared with BALANCE. These data sug-assumed to be associated with reduced mesothelial dam-
age [22, 23]. gest that attenuated HSP-72 induction in cells exposed to
BALANCE cannot be exclusively explained by a neutralWhen the different PDF were compared, CAPD3 con-
sistently led to a more dramatic increase in HSP-72 levels pH. In this respect, other observations focusing on GDP
Arbeiter et al: Mesothelial stress response1936
Reprint requests to Christoph Aufricht, M.D., Kinderdialyse, Uni-using classic biocompatibility tests are consistent with
versitaetsklinik fuer Kinder und Jugendheilkunde, AKH Wien, Waeh-our findings [8, 9]. Glucose-based PDF are known to ringer Guertel 18-20, A-1090 Wien, Oesterreich.
exhibit markedly higher toxicity after heat sterilization E-mail: christoph.aufricht@akh-wien.ac.at
than after filter sterilization [8, 9]. These effects are due
to highly active GDP such as aldehydes, which are REFERENCES
formed during the process of heat sterilization in a pH-
1. USRDS 1999 Annual Data Report: Pediatric end stage renal dis-dependent manner [8]. As BALANCE is produced in a
ease. Am J Kidney Dis 34(Suppl):S103, 1999
two-chamber bag, a pH of 3.0 in the glucose-containing 2. Jorres A, Topley N, Gahl GM: Biocompatibility of peritoneal
bag results in reduced formation of GDP during heat dialysis fluids (editorial). Int J Artif Organs 15:79–83, 1992
3. Breborowicz A, Oreopoulos DG: Biocompatibility of peritonealsterilization. Our data suggest that the attenuation of
dialysis solutions. Am J Kidney Dis 27:738–743, 1996HSP-72 expression in mesothelial cells exposed to the 4. Gotloib L, Shostack A, Bar Sella P, et al: Continuous mesothelial
BALANCE is at least in part due to decreased GDP, injury and regeneration during long term peritoneal dialysis. Perit
Dial Bull 7:148–155, 1987thereby supporting a role for these toxic compounds in
5. Davies SJ, Phillips L, Griffiths AM, et al: What really happens toinitiation of the cellular stress response. Repeated heat
people on long-term peritoneal dialysis? Kidney Int 54:2207–2217,
sterilization of BALANCE not only resulted in a signifi- 1998
cant increase of ultraviolet absorbance at 228 nm, but 6. Jorres A, Bender TO, Finn A, et al: Biocompatibility and buffers:
Effect of bicarbonate-buffered peritoneal dialysis fluids on perito-also in strong HSP-72 induction, despite otherwise unal-
neal cell function. Kidney Int 54:2184–2193, 1998tered physicochemical properties (Fig. 5) [8, 9].
7. Breborowicz A, Rodela H, Oreopoulos DG: Toxicity of osmotic
However, our data allow only limited implications for solutes on human mesothelial cells in vitro. Kidney Int 41:1280–
assessment of in vivo biocompatibility of PDF. Clinically, 1285, 1992
8. Wieslander A, Deppisch R, Svensson E, et al: In vitro biocompati-one of the most relevant complications of PDF exposure
bility of a heat-sterilized, low-toxic and less acidic fluid for perito-is ultrafiltration failure due to a loss of mesothelial func- neal dialysis. Perit Dial Int 15:158–164, 1994
tion. Our studies do not and cannot address any long- 9. Sundaram S, Cendorglo M, Cooker L, et al: Effect of two-cham-
bered bicarbonate lactate-buffered peritoneal dialysis fluids onterm effects of PDF exposure with respect to longevity
peripheral blood mononuclear cell and polymorphonuclear cellof the peritoneal membrane. However, these studies rep-
function in vitro. Am J Kidney Dis 30:680–689, 1997
resent a first step towards characterizing a possible pro- 10. Minowada G, Welch WJ: Clinical implications of the stress re-
tective response of mesothelial cells to PDF exposure. sponse. J Clin Invest 95:3–12, 1995
11. Morimoto RI: Cells in stress: Transcriptional activation of heatFuture studies analyzing the induction of HSP expression
shock genes. Science 259:1409–1410, 1993in in vivo models of PD and the impact of this on mem- 12. Wijeweera JB, Thomas CM, Gandolfi AJ, Brendel K: Sodium
brane longevity are therefore needed to assess the bio- arsenite and heat shock induce stress proteins in precision-cut rat
liver slices. Toxicology 104:35–45, 1995logical relevance of our findings. Such in vivo studies
13. Salminen WF Jr, Voellmy R, Roberts SM: Induction of hspalso may allow further characterization of the complex
70 in HepG2 cells in response to hepatotoxicants. Toxicol Appl
interdependence of injury (caused by PDF) and cellular Pharmacol 141:117–123, 1996
repair (potentially mediated by HSP) during PD. 14. Delmas F, Schaak S, Gaubin Y, et al: Hsp72 mRNA production
in cultured human cells submitted to nonlethal aggression by heat,In summary, our results suggest that analysis of HSP
ethanol, or propanol. Application to the detection of low concen-protein expression patterns with an emphasis on HSP-72
trations of chromium (VI) (potassium dichromate). Cell Biol Tox-
represents a novel tool to assess biocompatibility of stan- icol 14:39–46, 1998
15. Aufricht C, Bidmon B, Arbeiter K, et al: Peritoneal dialysis fluidsdard and novel PDF. Compared with a standard PDF
induce the stress response in human mesothelial cells. Perit Dial(CAPD2), exposure of mesothelial cells to a PDF with
Int 21:85–88, 2001
higher osmolarity and higher concentration of glucose 16. Stylianou E, Jenner LA, Davies M, et al: Isolation, culture and
(CAPD3) resulted in more pronounced HSP-72 induc- characterization of human peritoneal mesothelial cells. Kidney Int
37:1563–1570, 1990tion, whereas exposure to a modified, less acidic PDF
17. Bidmon B, Endemann M, Mueller TH, et al: Heat shock protein-(BALANCE) resulted in reduced HSP-72 induction.
70 repairs proximal tubule structure after renal ischemia. Kidney
HSP-72 expression was able to discriminate between the Int 58:2400–2407, 2000
18. Morimoto RI, Tissieres A, Georgopoulos C: The Biology of Heateffects of neutralizing pH versus reducing GDP levels
Shock Proteins and Molecular Chaperons. Cold Spring Harborand may therefore represent a valuable tool in dissecting
Laboratory Press, New York, 1994, pp 1–594
specific contributions of individual PDF compounds to 19. Aufricht C, Ardito T, Thulin G, et al: Heat-shock protein 25
cytotoxicity. induction and redistribution during actin reorganization after renal
ischemia. Am J Physiol 274:F215–F222, 1998
20. Aufricht C, Lu E, Thulin G, et al: ATP releases HSP-72 fromACKNOWLEDGMENTS protein aggregates after renal ischemia. Am J Physiol 274:F268–
F274, 1998O. Eickelberg is supported by the Juvenile Diabetes Foundation
21. Shioshita K, Miyazaki M, Ozono Y, et al: Expression of heat shockInternational (#10-2000-71). Part of this study was supported by a grant
proteins 47 and 70 in the peritoneum of patients on continuousfrom Fresenius Medical Care, Austria. We are grateful for the generous
ambulatory peritoneal dialysis. Kidney Int 57:619–631, 2000help and advice of M. Kashgarian during the performance of these
studies. 22. Rippe B, Simonsen O, Heimburger O, et al: Long-term clinical
Arbeiter et al: Mesothelial stress response 1937
effects of a peritoneal dialysis fluid with less glucose degradation and HSP-70 expression in hyperosmotic stress in MDCK cells. Am
J Physiol 261:C594–C601, 1991products. Kidney Int 59:348–357, 2001
23. Jones S, Holmes CJ, Krediet RT, et al: Bicarbonate/lactate-based 26. Alfieri R, Petronini PG, Urbani S, Borghetti AF: Activation
of heat-shock transcription factor 1 by hypertonic shock in 3T3peritoneal dialysis solution increases cancer antigen 125 and de-
creases hyaluronic acid levels. Kidney Int 59:1529–1538, 2001 cells. Biochem J 319:601–606, 1996
27. Mosser DD, Kotzbauer PT, Sarge KD, Morimoto RI: In vitro24. Muller E, Neuhofer W, Ohno A, et al: Heat shock proteins
HSP25, HSP60, HSP72, HSP73 in isoosmotic cortex and hyperos- activation of heat shock transcription factor DNA-binding by cal-
cium and biochemical conditions that affect protein conformation.motic medulla of rat kidney. Pflu¨gers Arch 431:608–617, 1996
25. Cohen DM, Wasserman JC, Gullans SR: Immediate early gene Proc Natl Acad Sci USA 87:3748–3752, 1990
